this phenotype could be explained if dystrophin comwere also examined. The course of dystrophy in mdx muscles resembled that described previously (Carnwath pensated for utrophin, a hypothesis analogous to that invoked to explain the minimal pathology of mdx mice.
and Shotton, 1987; Torres and Duchen, 1987; Coulton et al., 1988) . Muscles initially appeared normal ( Figure  Here , we have analyzed mice deficient in both dystrophin and utrophin (mdx:utrn Ϫ/Ϫ ) to determine whether 2a), but necrotic fibers were visible by 3 weeks of age (data not shown). Degeneration, muscle necrosis, and the mild phenotypes seen in utrn Ϫ/Ϫ or mdx mice are due to compensation between the two proteins. The infiltration by mononuclear cells peaked at 4 to 5 weeks of age ( Figure 2c ). Many fibers had regenerated by this NMJ develops and functions in the absence of both utrophin and dystrophin, supporting the idea that the time, as evidenced by their centrally located nuclei (Carlson and Faulkner, 1983) , and Ͼ90% of fibers were regen-DPC is dispensable for synaptogenesis. In contrast, muscular dystrophy is severe and fatal in the double erated by 10 weeks of age (Figures 2e and 2g ). Degeneration subsided after ‫6ف‬ weeks, however, and only small mutants and resembles DMD in many respects. Thus, utrophin does attenuate the severity of dystrophy in mdx patches of necrosis were seen by 10 weeks (Figure 2e ). Neither degeneration nor regeneration was seen in wildmice, and mdx:utrn Ϫ/Ϫ mice may be a useful model of DMD.
type or utrn Ϫ/Ϫ muscles of any age (Figures 2i and 2j ). Degeneration and regeneration were evident in mdx: utrn Ϫ/Ϫ muscle at 2 weeks of age ( Figure 2b ), a week Results earlier than that seen in mdx muscle. Dystrophic pathology was similar in mdx and mdx:utrn Ϫ/Ϫ mice at 4 to 5 Mice deficient in both utrophin and dystrophin (mdx: utrn Ϫ/Ϫ ) were outwardly similar to wild-type, utrn Ϫ/Ϫ , and weeks of age (Figures 2c and 2d ), but afterward it remained severe in the double mutants while subsiding dyst Ϫ/Ϫ (mdx) pups at birth. By 4 weeks of age, however, the double mutants were significantly smaller than their in mdx mice. By 10 weeks of age, mdx:utrn Ϫ/Ϫ muscle exhibited prominent interstitial fibrosis, while mdx musmdx siblings ( Figure 1a ) and began exhibiting symptoms of skeletal muscle disease. These included decreased cle had little or none (Figures 2e-2h ). Evidence of necrosis was prominent along the length of the muscle; neither activity, an abnormal waddling gait, and contracted, stiff limbs. Most striking was a severe curvature of the spine synaptic (central) nor myotendinous (terminal) areas were selectively affected. Thus, muscle degeneration (kyphosis; Figures 1b-1d ), which is a common feature in DMD, thought to result from asymmetric weakening not only began earlier in mdx:utrn Ϫ/Ϫ than in mdx mice but also persisted at later ages. of the muscles that support the spinal column (Oda et al., 1993) . The severity of all symptoms progressed with
The observation that necrosis declines in mdx muscle once fibers exhibit central nuclei has been interpreted age, and double mutants died between 4 and 14 weeks of age, with only half living beyond 8 weeks. mdx, utrn
as indicating that mdx muscle fibers undergo few rounds of degeneration and regeneration (DiMario et al., 1991; and mdx:utrn ϩ/-mice, in contrast, displayed no outward pathology and live over one year in our colony. The McGeachie et al., 1993) . Likewise, the persistence of necrosis in mdx:utrn Ϫ/Ϫ muscle after nearly all fibers apsevere neuromuscular abnormalities of the double mutants might reflect defects in the muscle itself (dystropear regenerated suggests that multiple rounds of degeneration and regeneration occur in double mutants. phy) or in the NMJ (myasthenia). We used histological and physiological methods to distinguish these possibilAlternatively, however, mdx:utrn Ϫ/Ϫ muscle might contain separate populations of stably regenerated fibers ities.
and necrotic fibers that fail to regenerate. To distinguish these alternatives, we selectively stained newly regenerOngoing Degeneration and Regeneration in mdx:utrn Ϫ/Ϫ Muscle ated fibers with antibodies to embryonic and neonatal myosin heavy chains. Regenerated muscle fibers exWe began our histological assessment by comparing tibialis anterior (hindlimb) muscles from 21 pairs of mdx press these isoforms for only ‫2ف‬ weeks, whereas they remain centrally nucleated indefinitely ( (Figures 3a and 3b ). This timing closely paralleled the onset of necrosis (Figure 2) , consistent with the fact that damaged fibers can regenerate within 3 to 4 days (Mastaglia et al., 1975; Sartore et al., 1982) . Similar numbers of newly regenerated fibers were seen in mdx and double-mutant muscle at 4 to 5 weeks of age (Figures 3c and 3d ), but significant levels of active regeneration continued beyond 8 weeks only in double mutants (Figures 3e-3h) . Thus, whereas regeneration peaks during a brief period in mdx muscle, mdx:utrn Ϫ/Ϫ muscle continues to undergo high levels of degeneration and regeneration.
In addition to the tibialis anterior, we also analyzed the quadriceps muscle of the thigh, muscles of the forearm, paraspinal muscles, and diaphragm. Although the timing and degree of dystrophy varied among muscles, pathology was generally similar to that described above (data Sections from tibialis anterior muscles of 2-week-old (a and b), 4-week-old (c and d), or 10-week-old (e-h) mice were stained with a monoclonal antibody specific for embryonic and neonatal myosin heavy chains, which are expressed by newly regenerated muscle fibers. Regeneration is prominent in both mdx and mdx:utrn Ϫ/Ϫ muscle at 4 weeks but begins earlier and persists longer in the latter. No regeneration is seen in wild-type or utrn Ϫ/Ϫ muscle (i and j). Magnification, 4.8ϫ. not shown). The one exception was the diaphragm, which is unique in mdx mice in showing ongoing necrosis and progressive fibrosis throughout the life of the animal (Stedman et al., 1991) as well as abnormal mechanical properties (Cox et al., 1993) . We found that although degeneration began earlier in mdx:utrn Ϫ/Ϫ than in mdx diaphragm, the pathology became indistinguishable in single and double mutants older than 1 month of age. Thus, compensation by utrophin for the loss of dystrophin may fail in diaphragm. (Deconinck et al., 1997a; Grady et al., 1997) . No difference in the intensity of bungarotoxin staining was detectable between mdx:utrn Ϫ/Ϫ and mdx synapses (Figures 
Dystrophin-Associated Proteins at mdx:utrn
Ϫ/Ϫ Synapses Dystrophin and the DPC join the cytoskeleton of muscle fibers to their extracellular matrix throughout skeletal muscle. The DPC is also found at the synaptic membrane but in an altered form. The synaptic DPC is linked to AChRs via the cytoplasmic protein rapsyn (Apel et al., 1995) , and it contains utrophin and ␤2-syntrophin along with dystrophin and ␣1-and ␤1-syntrophins . Furthermore, extrasynaptic laminin-2 muscle, ␤2-syntrophin is exclusively synaptic, whereas the other three proteins are present both synaptically and extrasynaptically (Figures 5m, 5q , 5u, and data not shown). Levels of all four proteins were unchanged in NMJs were broken into multiple discrete boutons (Figures 4c and 4d ). This alteration has been reported preutrn Ϫ/Ϫ muscle but were decreased in mdx muscle (Figures 5n , 5o, 5r, 5s, 5v, 5w, and data not shown). For viously in mdx mice and probably results from regeneration rather than from lack of dystrophin per se (Lyons ␤-dystroglycan and ␣-sarcoglycan, similar reductions were seen in mdx:utrn Ϫ/Ϫ muscle ( Figure 5p and data and Slater, 1991). Importantly, no qualitative differences were detectable between mdx and double-mutant synnot shown). Dystrobrevin and ␤2-syntrophin, however, were nearly undetectable in mdx:utrn
Electron microscopy confirmed that double-mutant ures 5t and 5x). Nonetheless, laminin-␤2, agrin, and rapsyn were normal in abundance and localization at synapses were structurally intact (Figures 4e and 4f) Sections from tibialis anterior muscles of 4-to 6-week-old mice were doubly stained with the indicated antibodies plus rhodamine-␣-bungarotoxin. Synaptic sites, identified by bungarotoxin staining (not shown), are marked by arrowheads. Utrophin and dystrophin are, as expected, absent from double mutants (d and h). In addition, the synapse-specific ␤2-syntrophin is undetectable (x) and levels of ␤-dystroglycan (p) and dystrobrevin (t) are markedly reduced. However, rapsyn (l), agrin, and laminin-␤2 (not shown) remain concentrated at synaptic sites in the double mutant. Magnification, 31.2ϫ.
Physiological Defects in mdx:utrn Ϫ/Ϫ Muscle First, mdx:utrn Ϫ/Ϫ sternomastoid muscles were smaller than those from mdx littermates (mdx, 20.9 Ϯ 1.0 mg; To assess the functional consequences of utrophin and dystrophin deficiencies, we measured the force genermdx:utrn Ϫ/Ϫ , 13.1 Ϯ 0.7 mg), consistent with the smaller size of the double mutants (Figure 1 ). This difference, ated by the sternomastoid muscle in response to stimulation of its nerve (Figure 6a) . Twitch tension following which may reflect smaller and/or fewer fibers, could account for the weakness observed. Indeed, when a supramaximal stimulus was similar in age-matched wild-type, mdx, and utrn Ϫ/Ϫ muscles. The normal or twitch tension was normalized to the cross-sectional area of the sternomastoid muscle, the difference benearly normal strength of mdx muscle has been noted previously (Dangain and Vrbova, 1984; Rezvani et al., tween mdx and double mutants was reduced to ‫%52ف‬ (mdx, 6.6 Ϯ 0.4 N; mdx:utrn Ϫ/Ϫ , 4.9 Ϯ 0.4 N). Thus, size 1995; Deconinck et al., 1996) . In contrast, mdx:utrn Ϫ/Ϫ muscles generated only 40%-60% as much tension as accounts for at least some of the weakness of doublemutant muscle. those in the other three groups (Figure 6b) .
Several factors might explain the relative weakness Different contractile properties of mdx and mdx:utrn Ϫ/Ϫ muscles might also contribute to differences of the double-mutant muscles. These include differences in muscle size, decreased force generating capain strength. For example, mdx:utrn Ϫ/Ϫ muscles might also generate less force than mdx muscles because a bility per unit size, and defects in neuromuscular transmission. Additional observations allowed us to assess larger fraction of their cross-sectional area is occupied by necrotic fibers or connective tissue. This is, in fact, these possibilities.
likely to play some role. Moreover, differences in homolog alone might suffice for apparently normal cardiac function. Consistent with this hypothesis, large arstrength could be due to the differences in fiber-type composition found in dystrophic muscles as myosin eas of necrotic myocytes with infiltrating mononuclear cells were present in five of nine mdx:utrn Ϫ/Ϫ hearts exheavy chain isoforms differ in contractile properties (Petrof et al., 1993b) . We therefore stained with antibodies amined from 8-to 11-week-old mice (Figure 7d ). Necrosis was most prominent in the epicardial (outer) surface that distinguish fast from slow myosins (see Experimental Procedures) but found no significant difference in of the right ventricle, but abnormalities were seen throughout both ventricles. Neither ventricle, however, fiber type composition between mdx and mdx:utrn Ϫ/Ϫ muscles (data not shown). Likewise, time to peak twitch seemed significantly dilated or hypertrophic, and degenerated myocytes were surrounded by cells that aptension, which varies with fiber-type composition (Reiser et al., 1988) did not differ detectably between mdx peared normal (Figures 7d and 7g) . No significant cardiac abnormalities were histologically detectable in any and mdx:utrn Ϫ/Ϫ muscles (data not shown). Interestingly, however, relaxation time (time from peak force to baseof the 12 mdx:utrn Ϫ/Ϫ mice Ͻ7 weeks of age or in any wild-type, mdx, or utrn Ϫ/Ϫ mice up to 6 months of age line) was greatly prolonged in the mdx:utrn Ϫ/Ϫ mice compared to the other three groups (Figure 6c ). Since relax- (Figures 7a-7c ; data not shown). Necrosis might result from degeneration of myocytes ation time is determined in part by the time required to reduce free calcium levels in the cytoplasm (Close, or from extrinsic (e.g., inflammatory) processes. To distinguish these alternatives, we sought direct evi-1972), calcium homeostasis may be impaired in doublemutant muscle.
dence for myocyte damage. To this end, ten pairs of mdx:utrn Ϫ/Ϫ and mdx mice were injected with Evans blue, Finally, because the sternomastoid muscle was stimulated via its nerve, some of the weakness in the double a dye that binds to albumin, fluoresces red, and is selectively taken up by cells with leaky plasma membranes mutants could reflect dysfunction of motor axons or neuromuscular junctions. This possibility was evaluated (Matsuda et al., 1995) . Few or no Evans blue-positive fibers were present in any of the five double mutants by measuring the decrease in contractile strength following repetitive stimulation. This test resembles the Ͻ7 weeks of age or in any wild-type, utrn Ϫ/Ϫ , or mdx hearts (Figure 7e and data not shown). However, of the electromyographic test used in the diagnosis of myasthenia gravis, in which impaired synaptic transmission five injected mdx:utrn Ϫ/Ϫ mice Ͼ7 weeks of age, the hearts of three bore substantial areas of abnormally results in a progressive decrease in the number of muscle fibers contracting upon prolonged stimulation (Enpermeable myocytes (Figure 7f ). Interestingly, although the Evans blue-positive fibers were generally located gel, 1994). However, the time for tension to fall to 50% of maximum was the same for all four genotypes ( Figure  near areas of active necrosis, they were normal in size and shape and often free of mononuclear infiltration 6e). Likewise, the delay between stimulation and contraction (latency), which largely reflects axonal conduc- (Figure 7g ). These results demonstrate that the absence of both utrophin and dystrophin leads to cardiomyopation time, differed negligibly among groups (Figure 6d) . Thus, the weakness of double-mutant muscle resembles thy and suggest that the damaged fibers eventually die. that typically seen in dystrophies (primary muscle defects) but not that seen in neuropathies (nerve defects) Discussion or in myasthenias (synaptic defects).
Muscular dystrophy and cardiomyopathy in mdx mice are mild compared to that observed in children with Cardiomyopathy in mdx:utrn Ϫ/Ϫ Hearts Cardiomyopathy is present in Ͼ90% of DMD patients DMD, even though both have mutations that completely eliminate dystrophin expression. Utrophin, the autoso-(see Discussion) but virtually absent in mdx mice (Bridges, 1986; Torres and Duchen, 1987; Coulton et al., mal homolog of dystrophin, is upregulated in mdx mice and DMD patients (Khurana et al., 1991; thiMan et al., 1988) . Because dystrophin and utrophin are codistributed in cardiac myocytes (Grady et al., ), either 1991 Matsumura et al., 1992; Karpati et al., 1993) . It Perhaps most important, the phenotype of the double mutant resembles DMD more closely than does that of mdx mice. Shared symptoms include reduced growth, diminished mobility, limb contractures, weakness, spinal deformities (kyphosis), cardiomyopathy, myofibrosis, and premature death. In contrast, mdx mice show little physical impairment, myofibrosis, or cardiomyopathy and have normal life spans. We do not know why the double mutants die but suspect that respiratory failure is at least partially responsible, as is the case in DMD ; muscle weakness and the kyphosis that results from it both compromise respiration. Malnutrition and dehydration secondary to diminished mobility may also be a factor. Finally, as in DMD, cardiomyopathy could play a role at older ages, but since it is seen inconsistently, it is unlikely to be the cause of death for all animals. The similarity of the mdx:utrn Ϫ/Ϫ phenotype to DMD provides new insights into the pathogenesis of that devastating disease and a new animal model for testing therapeutic interventions.
Muscular Dystrophy
Utrophin coats the cytoplasmic surface of the entire sarcolemma in normal embryonic myotubes but becomes restricted to synaptic sites as development proceeds. In dystrophin-deficient mice and humans, however, utrophin reappears extrasynaptically and associates with the DPC, particularly in regenerating fibers, but also in many fibers that do not show patholog- DMD, undergo repeated cycles of necrosis and regeneration. In mdx muscle, in contrast, rates of degeneration and regeneration peak sharply at 4 to 6 weeks, then may, therefore, substitute for dystrophin in both mice and humans but does so more effectively in mice. Likedecline to very low levels thereafter (McGeachie et al., 1993) . This difference is important, because it is the wise, congenital myasthenia is extremely mild in mice lacking utrophin, despite several lines of evidence that inefficiency and eventual failure of the regenerative process that results in replacement of muscle fibers with had indicated a critical role for this protein in development of the neuromuscular junction (Deconinck et al., connective tissue in DMD. This fibrosis, in turn, is responsible for much of the muscle weakness that ulti1997a; Grady et al., 1997) . By analogy, we speculated that dystrophin might substitute for utrophin at the synmately proves fatal to humans. Thus, stabilization of the membrane by utrophin may confine degeneration to a apse. Generation of mice lacking both dystrophin and utrophin allowed us to test these hypotheses. We found limited period in mdx mice, perhaps when growth rate is high or utrophin levels are at their lowest. Second, that loss of both utrophin and dystrophin leads to a profound disruption of the entire DPC at the synapse relaxation time following contraction was prolonged only slightly in mdx muscle but Ͼ2-fold in mdx:utrn
but permits qualitatively normal synaptic development. On the other hand, muscular dystrophy and cardiomymuscle. This parameter reflects, at least in part, the time required to reduce cytoplasmic calcium concentration opathy are much more severe in the double mutant than in either single mutant. Thus, the mild dystrophy seen following contraction. Therefore, impairment of calcium homeostasis, which has been reported in mdx muscle in mdx mice results in part from a beneficial effect of utrophin, but the mild myasthenia seen in utrn Ϫ/Ϫ mice (reviewed in , may be more severe in the double mutant. If this is so, it may be that utrophin limits does not reflect compensation by dystrophin. In the accompanying paper, Deconinck et al. (1997b [ ing to note that utrophin plays a compensatory role in mdx skeletal muscle, appearing in locations where it is Why might utrophin fail to compensate effectively for loss of dystrophin in DMD? One likely factor is that not normally found, whereas utrophin and dystrophin have overlapping distributions and presumably redunmuscle fiber diameter is larger in humans than in mice. Because surface-to-volume ratio decreases as fiber dant functions in cardiac tissue. diameter increases, human sarcolemma experiences more stress per unit surface area than does murine sarCongenital Myasthenia colemma, so dystrophin-deficient human fibers may re-A number of studies had suggested that utrophin and quire more utrophin to maintain their integrity than their the synaptic DPC might be critical for postsynaptic difmurine counterparts. Indeed, in both mice and humans, ferentiation at the neuromuscular junction (discussed in small fibers are selectively spared (Karpati et al., 1988) , Grady et al., 1997) . However, targeted mutagenesis of although this may also reflect their greater upregulation the utrophin gene resulted in mice that had only a mild of utrophin (Matsumura et al., 1992) . If the difference myasthenia, with a 50% reduction in postsynaptic folds between DMD and mdx is quantitative rather than qualiand a 30% reduction in AChR density (Deconinck et al., tative, it becomes important to consider how much extra 1997a; Grady et al., 1997) . We therefore suspected that utrophin an individual with DMD would need to achieve the mild phenotype observed at the utrn Ϫ/Ϫ synapse significant benefit. Recently, Tinsley et al. (1996) showed was due to compensation by dystrophin. However, that forced expression of high levels of utrophin from a neuromuscular function is qualitatively normal in the transgene prevents necrosis in mdx mice. Comparable mdx:utrn Ϫ/Ϫ mice, even though levels of several DPC levels would probably be difficult to achieve in humans.
components are markedly reduced. We cannot rule out On the other hand, our results demonstrate that the the possibility that unknown homologs of utrophin, dysmany-fold lower level of utrophin present in mdx muscle trophin, dystrobrevin, or syntrophin are upregulated at attenuates dystrophy to a considerable degree. In fact, the double-mutant synapse and provide a compensaaltering the phenotype of DMD to resemble that in mdx tory mechanism. It is also possible that the low rewould represent a clinical triumph. We suggest that a maining levels of DPC components are sufficient for modest increase in utrophin level might suffice for this nearly normal synaptogenesis. However, our results purpose.
suggest that the synaptic dystrophin/utrophin-DPC assembly, like its extrasynaptic counterpart, plays roles in structural stabilization and maintenance rather than in Cardiomyopathy development. Clinically detectable defects in cardiac function are first apparent in children with DMD at ‫01ف‬ years of age, and Experimental Procedures nearly all patients have evidence of a cardiomyopathy by 18 years of age (Nigro et al., 1990) . Defects include Animals Breeding pairs of mdx mice (C57BL/10ScSn) were purchased from diminished systolic and diastolic function, impaired Jackson Laboratories (Bar Harbor, ME). Utrophin-deficient mice myocardial perfusion, and conduction abnormalities.
were generated by targeted mutagenesis Histologically, the atria, ventricles, and conduction sysmaintained on a C57B5/129J hybrid background. Mice deficient in tem exhibit degenerative changes, the sarcoplasmic reboth utrophin and dystrophin (mdx:utrn Ϫ/Ϫ ) were generated by cross ticulum is dilated, myofilaments are disordered, and mibreeding the single-mutant animals. Genotypes of the mutant mice tochondrial structure is abnormal (Frankel and Rosser, were determined by polymerase chain reaction using oligonucleotides from the deleted segment of utrophin 1976; Wakai et al., 1988; Engel et al., 1994 ; Quinlivan et allele-specific oligonucleotides for dystrophin (Amalfitano and al., 1996) . Ultimately, cardiac disease may be responsi- Chamberlain, 1996) .
ble for 40% of all deaths in DMD (Mukoyama et al., 1987) . Thus, even though complete correction of skeletal Histological Analysis muscle disease in children with DMD would prevent Twenty-one pairs of mdx and mdx:utrn Ϫ/Ϫ littermates were used for death from respiratory failure, most or all patients would light microscopy. Age distribution of the pairs was: 1.5 to 2 weeks of age, n ϭ 4 pairs; 3 to 4 weeks, n ϭ 3; 5 to 7 weeks, n ϭ 5; 7 to still die prematurely from heart failure. Lack of significant 9 weeks, n ϭ 4; 9 to 11 weeks, n ϭ 5. Wild-type, mdx, and utrn Ϫ/Ϫ cardiomyopathy is therefore a serious deficiency of the mice, aged 1 to 26 weeks, were also analyzed. Muscles were frozen mdx mouse as a model for DMD.
in liquid nitrogen-cooled isopentane and sectioned at 7 to 9 m.
Utrophin has the same sarcolemmal distribution as
For bright-field microscopy, sections were stained with hematoxylin dystrophin in murine cardiac muscle and eosin. For immunohistochemistry, sections were incubated for and is upregulated in mdx heart (Matsumura et al., 1992) .
